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An exact expression is derived within the high-Q approximation for the spectrum of en-
ergy losses of neutrinos interacting via their magnetic moment with electrons. A formula
for the stopping power of matter for neutrinos is derived and applied to the study of the
solar neutrino anomaly. The total inelastic cross section is given. An upper limit is de-
duced for the neutrino magnetic moment from the antineutrino spectrum as recently
parametrized by Lee. It confirms the bound reported by Cowan and Reines. The dis-
tance for stellar neutrinos to thermalize by the interactions studied here, through en-
counters with stars is found to exceed the radius of the universe by many orders of mag-
nitude. Stellar neutrinos should thus retain the energy given them at their creation and,
rather than cluster around galaxies, permeate the universe uniformly.
I. INTRODUCTION
Ever since Pauli' postulated its existence, the
neutrino has remained one of the most intriguing
particles in physics. The unexpectedly low count-
ing rate for solar neutrinos, as deduced from mea-
surements with Cl, has renewed interest in recent
times. One hypothesis to account for this finding
holds that solar neutrinos lose a substantial amount
of energy in collisions with electrons during their
escape from the sun. Since the Cl reaction has a
threshold of 0.814 MeV and the relevant neutrino
energy spectrum from the CNO solar cycle is
predicted to peak near 1 MeV, the anomaly could
be explained through an energy loss by the neutri-
nos of some 0.2 MeV during their escape from the
sun. To explore this possibility, a number of au-
thors have investigated the energy transfer via the
magnetic-moment interaction between a neutrino
and the electron. These analyses use the
energy-loss formulas derived by Bethe based on
the relativistically invariant electron-neutrino elec-
tromagnetic interaction form proposed by Carlson
and Oppenheimer. In this note we reexamine the
inelastic scattering of neutrinos by electrons via the
neutrino magnetic moment. Using a new formula,
we discuss the role of small energy losses that arise
in calculating the mean rate of energy loss for neu-
trinos (stopping power). Numerical calculations
are carried out for the energy loss from stopping
power theory as the neutrino travels from the
center of the sun to its surface for a given value of
the neutrino mass and magnetic moment. The
general conclusion remains that the electromagnet-
ic force alone is unlikely to account for the solar
neutrino anomaly. The total ionization cross sec-
tion as well as the upper limit of the neutrino mag-
netic moment are examined. An estimate of the
thermalization distance for stellar neutrinos is also
, made, and some cosmological implications are sug-
gested. 9
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II. INELASTIC SCATTERING CROSS SECTION q'=(E —E')' —(p —p')',
For the neutrino, the interaction for the pth
component (@=0, 1,2,3}of the current of a neutral,
structureless, spin- —, particle may be written as
7(PpA v
2M
where summation over v is implied. Here M and A,
are the neutrino rest mass and magnetic moment.
The components of the energy-momentum-transfer
four vector are given by q ={E E', p—p') where
E and E' are the neutrino energy. before and after
collision and p and p' are the corresponding mo-
menta (eigenstates
~
p) and
~
p')). For the Planck
constant and the speed of light, we set A=c =1;
these quantities will be reinstated at the end. The
Dirac matrices y„satisfy the anticommutation rela-
tions
and we have omitted terms of the form
~
(E E—')F„—(p —p'} G„~ since they vanish be-
cause of conservation of current. The matrix ele-
ments
and
F„=(n ~e'q'~0)
G„=(n
~
Ze'q'
~0)
are calculated from the initial and final states (O, n)
and the Dirac matrix a for the electron. For a
many-electron target system, F„and G„are
summed over all electrons.
In the high-Q approximation,
XI Xv+'VII. =2gI v (2) 2
1 m Q+2m
2 Q+m Q+M (9)
~here goo —1 and g;J 5J when i,j=1,2,3, and
5z is the II'ronecker 5. The operator o&„ in Eq. (1)
stands for the commutator
1 m (p+p ) Q (10}
2 Q+m Q+m
q =Q(Q+.2m), (4)
where m is the electron mass. Physically, this ap-
proximation is valid when Q is large compared
with the binding energy of the electron.
Employing Eq. (1) and carrying out further ma-
nipulations, we obtain the differential cross section
for the scattering of unpolarized neutrinos for given
E as follows:
do (eA, )i
~
p' (
q2(p/ {[(E+E')F„—(p+ p').G„P
—4M'{
I F. I '—I G. I '}l
(5)
where e is the electronic charge. This result differs
somewhat from that in Eq. (13) of Bethe as it con-
tains the interference term between F„and G„and
has a different sign for the term
~
p+ p'G„~ . In
deriving Eq. (5) we use the relation
~„,=i [r„,r.)~2. {3)
We treat the problem in the so-called "high-Q"
approximation, in which the struck electron is as-
sumed to be initially free and at rest. The electron
then receives all of the energy and momentum lost
by the neutrino. The kinetic energy Q =E E' ac-—
quired by the electron is then given by
1 m 3Q
2 Q+m Q+m
In Eqs. {9),(10), and (11},the factor —, comes from
averaging over the spin of the electron in its initial
state, and m I(Q+m) comes from the normaliza-
tion of the final-state wave function. Employing
Eqs. (5) and (9)—(11),we can write the cross sec-
tion for target electrons to appear in a g&ven energy
range dQ at energy Q for incident neutrinos of en-
ergy E. We obtain
do =Sr(e A, ) (Q+m}(E —M )
Mx E(E Q)+ Q —M'—2m Q (12)
This result, which is exact within the high-Q ap-
proximation, is similar to the cross section dcr~fh,
given by Bethe's equation (21) of Ref. 7, but con-
tains an additional term,
Mdo=dost„, 1+ (13)2m (E~—EQ —M2)
where
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m E(E—Q) —M dQ
Q+m E2 M2 Q
(14)
at energy E is given by'
2m(E~ —M )
m +2mE+ (15)
When Q «E, M « m, and M « E, the factor
multiplying dos„h, in Eq. (13) approaches unity.
The maximum energy Q~ that can be transferred
We employ Eq. (12) to calculate the stopping
power of massive neutrinos and apply it to study
the solar neutrino anomaly.
III. STOPPING POWER FORMULA AND THE SOLAR NEUTRINO ANOMALY
The stopping power is given by
dE
=N do. ,ds (16)
where N is the number of electrons per unit volume in the medium and g is the minimum energy lost in a
collision. On substituting (12) in (16) and assuming that g « m, we obtain
=4nN(eA, ) . (E +mE M)ln- —ds E' M' — ' m
ME — (Q —q)2m (17)
Since the neutrino mass is small ( & 500 eV), we take M « m and M «E. We express the neutrino mag-
netic moment in Bohr magnetons, i.e.,
A. =v e4
2mc
Reintroducing c hereafter, we rewrite Eq. (17) as
(18)
2 2
ds mc~ E mc'
Q
E (19)
For application to the neutrino anomaly, g is approximately given by the plasmon energy of the solar elec-
trons,
' 1/2
4m.Ne
-100 eV,
m
(20)
with N-1.2)& 10 cm being the solar electron density. A plot of —(I/v )dE/ds vs E/mc~ is shown in
Fig. 1.
Taking —dE/ds as constant, we can calculate the energy lost by a neutrino which travels from the center
of the sun to the surface by multiplying —dE/ds with the radius of the sun, 7X 10' cm. When v=10
the energy lost by a 10-MeV neutrino is found to be -2X10 MeV, and -7X10 MeV for a 1-MeV
neutrino. By comparison, the energy loss of a M =100-eV neutrino in escaping the gravitational field of the
sun is -2X10 ' MeV. Consequently, neutrinos produced in the sun should escape from its surface with
practically no energy loss owing to their magnetic-moment interaction with solar electrons. With previous
investigators, we conclude that the electromagnetic interaction between neutrinos and electrons in the sun
cannot be the dominant cause for the solar neutrino anomaly.
IV. TOTAL -IONIZATION CROSS SECTION
Integrating Eq. (12) from Q =0 to Q, Eq. (15), and assuming that r) «mc, we obtain the total cross
section
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2 A 2e
~
Qm mc
mcus rl mc +Q
2Emc' M—'c4 mc +Q
ln
2(E —~c } mc (21)
On similar integration, Eq. (14) yields
2 A 2e
~
Q mc
mc i) mc +Q~
Emcee mc +QmlnE2—M2c4 mc2 (22}
As Q =E mc w—hen M =m and Q =2E /(2E+mc ) when M =0, Eq. (22) reduces, respectively, to
Bethe's equations (23) and (23a} in Ref. 7 for M =m and M =0.
Asymptotically for E» mc~, Eqs. (21) and (22) become equal to the Bethe formula, viz. ,
'2
e 2 mCv ln
mc
(23)
V. NEUTRINO MAGNETIC MOMENT
An upper limit was calculated by Cowan and
Reines employing Bethe's formula, Eq. (14), and
Muehlhause and Oleska's ' measured beta spec-
trum from fission as the antineutrino (v, ) spec-
trum. Recently the antineutrino spectrum was
parametrized by Lee' ' as
0, E &0.055 MeV
a exp( bE}, 0.05—5 MeV &E & 3.4 MeV
c exp( dE), 3.—4 MeV &E (24}
where (in units of MeV ') a =3.63, b =0.543,
c =17.8, and d =1.01. Sobel et al. ' observed that
the measured number of v, in the energy range
E„&4.5 MeV is significantly less than that expect-
ed from the v, spectrum of Avignone. ' These
reductions were fitted by Lee' with two sets of
parameters representing the upper and lower limits
of the measured number at E =5.3 MeV. With
this fit and Eq. (12), assuming p/E « 1, we can
express the neutrino magnetic moment as
S(Qi, Qi)
G(Qz Qi) (25)
0
0
I
l2 I6 20
FIG. 1. Stellar neutrino stopping power in the re-
duced form —(1/v )dE/ds vs E/mc for the solar elec-
tron density N-1.2)&10 cm and mc =0.511 MeV.
where, as in Cowan and Reines, S(Qi, Qi ) in the
energy range Q, (0.1 MeV) to Q (0.5iMeV) is the
reactor associated counting rate for a detector con-
taining 4X 10 9 target electrons and v, flux
F=1.3X10' /cm sec. The largest counting rate
found by Cowan and Reines was 2 sec
The quantity G (Qq, Q ~ ) is given by
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TABLE I. Parameters for v, spectrum and results for the neutrino magnetic moment v in units of the Bohr magne-
ton.
Parameter
set
a
(MeV ')
b
(MeV ')
C
(MeV ')
d
(MeV ') G(Q2, Qi)
(Bohr
magnetons)
No„ 1'
No. 2
No 3
3.63
3.63
3.63
0.543
0.543
0.543
17.8
29.6
38.5
1.01
1.16
1.24
0.8130
0.8100
0.8086
1.38)(10
1.38 X 10-'
1.38 X 10
'Reference 12.
Reference 13.
I I n(E) 1 ——dEQ mc+Q w . E
I n (E)dE (26)
We calculated 6 for the three sets of parameters published by Lee. ' ' The results for v are listed in Table I.
Evidently the neutrino magnetic moment upper limit, v & 1.4X 10 Bohr magneton, reported by Cowan and
Reines is not altered by employing the v, spectrum as parametrized by Lee.
/
VI. THERMALIZATION OF
STELLAR NEUTRINOS
Because of its possible cosmological implications,
it is interesting to consider the distance over which
stellar neutrinos thermalize as they traverse the
known universe. Based on the estimated energy
loss of 10 MeV in the sun, which is a typical
star, thermalization to stellar temperatures(kT-10 MeV) would require a neutrino pass
through -10 stars. For an order of magnitude
estimate of this likelihood we assume that there are
10" galaxies in the universe, of radius —10' light
years —10 cm, with an average of 10'~ stars per
galaxy, each star being of the size of our sun. The
implied average "macroscopic" mean free path
between stellar encounters is 10 cm. The average
number of stars traversed by a neutrino in traveling
through the uriiverse is then only 10 ', far below
the needed 10 . We conclude that, as regards the
interactions studied here, the thermalization of stel-
lar neutrinos requires distances and times that are
I
many orders of magnitude larger than the size and
the age of the known universe. The energy of stel-
lar neutrinos remains what it was at their creation.
Energetic massive neutrinos are only weakly affect-
ed along their paths by gravitational interactions.
Thus, in contrast to neutrinos created in the
primordial universe, stellar neutrinos should not be
clustered around galaxies but distributed uniformly
throughout the universe.
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